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Abstract
The aging response of open-die-forged 7050 aluminum was studied at various temperatures. This
is of interest because the alloy can potentially crack during stress relief if it ages after its heat
treatment. Natural aging limits the ductility enough to potentially cause cracking and is
combatted by placing the forgings in freezers. This experiment shows which temperatures
successfully inhibit aging in the forgings. The goal was to develop a maximum time that a
sample can be stored at certain temperatures before the forgings have naturally aged. The
samples were first solution heat treated then water-quenched. Next, the samples were stored at
four temperatures ranging from 0ºF to 72ºF. After various time delays, the samples were
compression tested. An increase in compressive yield strength correlates with an increase in the
amount of natural aging. With a 10% yield strength increase from the as-quenched condition as a
boundary condition, the amount of time it takes samples at different temperatures to naturally
age can be calculated. The 72ºF trial reached the the boundary condition in 25 minutes whereas
the 0ºF trial never reached the boundary condition. The 25ºF trial and the 40ºF trial displayed
some natural aging, but not as significantly as the 72ºF trial. If a freezer set at 0ºF is used in the
forging industry, parts should not crack due to natural aging during stress relief.
Key Words: 7050 Aluminum, Natural Aging, Weber Metals, Stress Relief, Open-Die-Forged,
Hand Forged, Materials Engineering
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Introduction
1. Weber Metals
Weber Metals Incorporated has been located in Paramount, CA since 1945. They focus on
forging high performance aluminum and titanium alloys for the world’s leading aerospace
brands. Richard Weber began the company as an expansion of his scrap business to capitalize on
the rapidly growing aerospace industries on the west coast. After Mr. Weber’s death in 1974, his
wife sold the company to the German based company Otto Fuchs Metallwerke. At the time of
the sale, Weber had three open die presses that are still in operation today.
Otto Fuchs Metallwerke grew the company throughout the 1980s and 1990s by installing large
closed-die hydraulic presses, opening a wider market for Weber Metals to address. With the
addition of the larger presses, the facility was able to forge large parts for the aircraft industry as
well as parts for energy infrastructure applications. Today, Weber Metals is the largest employer
in the Paramount area. They are a key supplier to companies such as Boeing, General Electric,
Honeywell, Lockheed Martin, and Northrop Grumman.
At the Paramount facility, parts are made by turning billets of aluminum and titanium alloys into
products. After the products leave Weber, the customer machines them to the final specifications.
On site, Weber Metals is currently installing a 60,000-ton closed-die forging press - an estimated
$170 million investment. This press will be the largest tonnage press in the Americas with a bed
size of 10x20 feet. Weber has about ten large forging presses, including a 33,000-ton “Mesta”
closed die press functioning at their facility.

2. History
Natural aging was discovered in the early 1900s by an engineer named Alfred Wilm. He and his
assistant, Fritz Jablowski, were trying to improve aluminum’s mechanical properties for aircraft
applications. To achieve this, Wilm tried replicating the heat treatment processes for steel with
aluminum. One group of samples was heat treated on a Saturday afternoon and Wilm told
Jablowski to take one reading and go home, with the intention of taking the rest Monday after he
returned to work. Amazingly, the sample showed a significant increase in hardness and strength
on Monday as compared to Saturday afternoon. Wilm further studied this phenomenon and
eventually called it age hardening [1].

3. Heat Treatment
The heat treatment of aluminum alloys occurs in three stages: solution treatment, quenching and
aging. Solution treatments are performed to drive its constituents to form a single-phase solid
1

solution. Quenching the material forms a supersaturated solid solution by rapidly cooling the
metal alloy and locking in the microstructure. The material is weak after quenching because the
single-phase solid solution has not started precipitating.The final heat treatment step can be done
through natural aging or artificial aging. Artificial aging is when an additional heating step is
applied to the alloy that accelerates the precipitation process and improves the properties [2].
Artificial aging can give an aluminum alloy a higher peak strength than in natural aging. Each
aluminum alloy has a different artificial aging temperature range for its optimal behavior.
A solution heat treatment occurs when samples are placed in a furnace for a given amount of
time before they are quenched. When the furnace door is open, heat is lost to the surroundings
due to convection. The soak time is defined as the time the sample is in the furnace after the
furnace temperature has returned to the solutionizing temperature. For 7050 aluminum, the
solution heat treat temperature is approximately 890°F ± 10°F. This means the soak time would
begin once the furnace temperature reaches 880°F. A solution treatment should be executed at a
temperature that is above the solvus line but below the solidus line to allow all solute atoms to
dissolve into a single-phase solid solution. These solid solution constituents are what eventually
precipitate and strengthen the material [3].
Quenching rapidly cools a metal alloy to room temperature after a heat treatment to prevent the
natural cooling process from altering the alloy microstructure. With a slower quench rate, there is
more time for precipitates to form. Sometimes, this change is desired so an appropriate
quenching medium is chosen [4]. The ideal quenching medium is assumed to remove heat from
the surface of a sample as fast as the heat is flowing out from the middle of the sample.
However, no medium exists that meets this standard. Commonly used quenchants include oil,
water, and brine [5]. Oil has a quenching rate much lower than water and water has a quenching
rate lower than that of brine.
Quenching in a liquid medium involves three distinct stages of cooling: the vapor blanket phase;
nucleate boiling and convective stage (Figure 1). During the first stage, a vapor shield is formed
immediately upon quenching. This film insulates the sample, and heat transfer in this stage is
slow since it is primarily through radiation. As the temperature of the sample drops, the vapor
shield becomes unstable and collapses, beginning the nucleate boiling stage for the liquid
medium. Heat transfer is the fastest in this stage due to the heat of vaporization, and nucleate
boiling continues until the surface temperature of the sample drops below the boiling point of the
quenching medium. Once the surface temperature temperature reaches the boiling point of the
quenching medium, the sample enters the convective stage where it is further cooled as the water
absorbs the remaining heat [6]. The quenching rate can also be affected by the temperature of the
medium. Using cold media can produce distortions of the sample due to the high thermal
gradients found within the part. By using a heated medium the thermal gradients between the
quenchant and the samples are smaller so less distortions occur. As the temperature of the bath
2

increases however, the vapor blanket stage is prolonged. With a longer vapor blanket phase,
bubbles become entrapped causing uneven heat transfer leading to soft spots on the metal [7].

Figure 1: The heat transfer per area from the surface of the heated sample to the quenching medium follows this
curve as time increases. In the white vapor blanket phase, the sample is cooled slowly while in the red nucleate
boiling phase it is rapidly cooled. In the yellow and blue convection phase the sample has reached an equilibrium
temperature with the surrounding medium [8].

One further way to alter the quenching rate is to control the level of agitation in the quenching
bath. A more agitated bath increases the rate of heat transfer and cools the sample more quickly.
The vapor blanket stage is shortened and rapid heat transfer begins sooner. Small, frequent
bubbles during the boiling stage promotes faster heat transfer through the entirety of the sample.
Agitation also circulates the medium so that the cool liquid constantly replaces the hot liquid at
the surface of the part [6].
A slower quench rate has the consequence of allowing solute atoms opportunities to nucleate
heterogeneously. Slow quenching permits vacancies to migrate to free surfaces and become
annihilated. Decreasing the number of vacancies decreases the temperature at which GP zones
nucleate homogeneously. Therefore, a particular aging temperature may allow only
homogeneous nucleation to occur in rapidly quenched materials, but may allow heterogeneous
nucleation to dominate in slowly quenched materials. Under the latter condition, the precipitate
distribution is coarse, and strength is particularly low. Some of the loss in strength from slow
quenching can be negated by aging at a lower temperature to maximize homogeneous nucleation
[6].

4. Stress Relief
Residual stresses can form in aluminum alloy parts when they are quenched. The stresses result
from different cooling rates throughout the thickness of the material [9]. Residual stresses can
only exist within a material when there is no external load applied; therefore, the stresses must be
3

in static equilibrium. If a material is machined with these stresses, the equilibrium is disturbed,
and the residual stresses must adjust to return to equilibrium. Stress-free boundary conditions on
new surfaces would form and distort the final part, which is an expensive problem for aerospace
manufacturers [10]. Stress relief, a process that eliminates the residual stresses in an alloy, can be
achieved through stretching or compressing the material. The stress relief of an alloy also
improves its resistance to fatigue cracking [11]. If a part is artificially aged before a stress relief
is applied, the residual stresses would remain in the alloy and could crack during further
machining processes.
A common stress relief method involves plastically deforming the material past its yield point.
This process is performed by the manufacturers of the forgings. Simple shapes such as plates and
bars are stress relieved in tension because uniform deformation is attainable. Complex
geometries in a part do not deform uniformly when stress relieved in tension. Alternatively,
compressive forces are applied either from the original forging dies once the part cools, or
specially made dies designed to make the deformation as uniform as possible in a part with
varying thicknesses. Stress relief begins at 0.5% plastic deformation and is complete around 2%
plastic deformation in tension and 4% in compression [9].

5. Natural Aging
At room temperature, certain aluminum alloys are amenable to natural aging. The major systems
that undergo natural aging are aluminum-copper (with strengthening from CuAl2), aluminumcopper-magnesium, aluminum-magnesium-silicon (with strengthening from Mg2Si), aluminumzinc-magnesium (with strengthening from MgZn2), and aluminum-zincmagnesium-copper [2]. These are typically the wrought 2xxx, 6xxx, and 7xxx series alloys.
Natural aging occurs when a supersaturated alloy begins to age and is hardened by the formation
of Guiner-Preston (GP) zones [5]. In addition to GP zones, finely dispersed precipitates form
during the initial heat treatment [2].
As aluminum age hardens, it follows a hardening curve (Figure 2). At shorter times, the
aluminum is underaged. The alloy is not fully age hardened, so it does not benefit from improved
ultimate tensile strength. However, underaging is beneficial in some applications in which the
material benefits from an increased yield strength due to the heat treatment while still retaining
some toughness [12]. When peak aged, the alloy manifests improved strength because the GP
zones have formed precipitates large enough to significantly increase the strength of the material.
Lastly, overaging occurs when the aluminum alloy is aged too long and properties begin to
degrade again. In some cases small amounts of overaging can benefit the material’s corrosion
resistance and give greater dimensional stability for elevated temperature service. Stress
corrosion cracking and fatigue cracks, two of the more common forms of corrosion in
aeronautics, are significantly reduced from slight overaging. Overaging these alloys also
improves resistance to exfoliation corrosion and stress corrosion cracking [2].
4

Figure 2: Aging curve for an Al - 4 wt% Cu alloy at various temperatures. Higher temperatures lead to a shorter time
needed to peak age, but the peak strength is not as high [13].

6. 7050 Aluminum
The aging characteristics change based on the material. For this experiment, 7050 aluminum will
be used. The 7xxx aluminum alloy system is roughly 6.2% zinc, 2.3% copper, and 2.3%
magnesium with trace amounts of manganese, silicon, iron, chromium, zirconium and titanium
[14].The large amount of additives make the 7xxx series the highest strength aluminum alloy
available. This series is wrought as opposed to cast [14]. The 7xxx series of aluminum is mainly
used in transport applications (automotive, aviation, and marine) as well as recreational
equipment such as bicycle frames, lacrosse sticks, and hang gliding frames. When chosen for
structural parts, it is processed into plates, extruded, or forged. Additionally, the series is also
used in prosthetic components, rifles and highly stressed parts in general [15]. The 7xxx series is
susceptible to stress corrosion cracking and exfoliation corrosion which are exacerbated when
used for high stress applications. These corrosive effects can be minimized by overaging the
aluminum [16]. Two of the most common 7xxx series alloys are 7050 and 7075 aluminum.
7050 aluminum alloy is one of the highest performing alloys of the 7xxx series of aluminum.
Specifically, it is alloy 50 of the 7xxx series and it has not been modified. The density of 7050
aluminum is 2.83 g/cm3 or 0.102 lb/in3 [14] which is higher than the accepted aluminum density
of 2.70 g/cm3 (.098 lb/in3). This can be attributed to the fact that there is a higher concentration
of alloying elements in 7050 than other aluminum alloys. Aluminum 7050 has good mechanical
properties (Table I). In addition, 7050 aluminum shows high resistance to exfoliation and stress
corrosion cracking, and high fracture toughness when compared to other aluminum alloys [17].
This alloy cannot be welded without inducing stress corrosion cracks and increasing the
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material’s porosity [18]. It is most often used in aircraft structures due to its high corrosion
resistance and high strength-to-weight ratio.
Table I: Mechanical Properties of Closed Die Forged and Hand Forged 7050 Aluminum [2]
Ultimate Tensile Yield Strength Compressive Yield Elongation
Strength [MPa]
[MPa]
Strength [MPa]
[%]
Closed Die
483 - 496
405 - 427
427 – 434
7
Forged
Hand Forged
476 - 496
407 - 434
414 – 441
9
7050 aluminum is unique from other 7xxx series alloys due to its Cu:Mg ratio of 0.8, which is
higher than the other alloys. 7050 aluminum also does not contain any chromium, whereas most
other 7xxx alloys do. The contrasting amounts of alloying elements in 7050 aluminum generates
its different properties, one of which being its ability to retain strength in thicker sections [19].
That and its high corrosion resistance allows it to be one of the more favorable alloys to use in
the aerospace industry.

7. Forging
7050 parts are wrought and most often made by forging. Forging is a manufacturing process that
is done by heating a billet in a furnace then shaping it by using localized compressive forces. The
blows are most often delivered with a hammer or a die. Forging offers a uniform composition
and structure with refined grains, which strengthens the material. Forged parts can handle impact
well and have high wear resistance. Additionally, the forged parts exhibit less porosity,
shrinkage, and cavities than cast parts [20]. There are two types of die forging processes: closed
die and open die. Closed die forging uses pressure to deform a billet to fill an enclosed die
(Figure 3A). Some manufacturing specifications require the part to go through a series of dies to
achieve the final shape that is within tolerance. This type of forging is used when complex
shapes are needed. The machines that are used to closed die forge are mechanical forging presses
and hydraulic presses [21].
In open die forging, also known as hand forging, the alloy is deformed between dies that do not
completely enclose the material (Figure 3B). The shape is altered as the dies hammer or stamp in
a series of movements until the final shape is reached. Products manufactured by this process
usually demand additional shaping to ensure the part meets the required specifications. Open die
forging is primarily used for simple shapes such as discs, plates, rings, shafts, cylinders and
sleeves. It is also used when custom shapes are needed. The repeated deformation increases the
strength of the grain structure and improves the fatigue properties. This process also reduces the
number of voids [21].

6
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A

Figure 3: The closed die forging and open die forging processes. The open die forging is for parts of simpler
geometries [22].

The treatment of a material has a standardized naming system that designates various heat and
temper treatments. The as fabricated material is given a designation of “F”. This indicates that
the material has just been formed where the thermal or strain hardening conditions were not
controlled. A designation of “W” applies only to materials that age spontaneously at room
temperature. It is an unstable temper that occurs after the material has been solution heat treated
and quenched. The “T” designation is always followed by a number and it means that the
material has been thermally treated. It is a stable temper that applies to materials that have been
heat-treated. The “T4” designation means that the materials have been solution heat treated and
naturally aged [14].

8. Precipitation Hardening
For alloys such as 7050 aluminum, the development of precipitates may become complex
because more than one solute contributes to the age hardening. During natural aging for most
binary alloy systems, the only precipitates to form are Guinier-Preston (GP) zones. These are
usually formed at a low aging temperature, small atomic size misfits, and a high level of
supersaturation. Like other precipitates, GP zones are only formed after nucleation. Nucleation in
a solid solution can only occur by forming nuclei at vacancy sites or enlarging existing nuclei.
To reach the critical size needed for precipitation to occur, the particles must gather enough
energy to activate [5]. Generally, GP zones are the particles with no distinct boundary with the
surrounding matrix and are homogeneous throughout the matrix. Due to the extra alloying
element of copper in the 7050 aluminum alloy, the temperature range of GP zone stability is
increased. This means the alloy can be aged at higher temperatures, allowing for better resistance
to stress corrosion cracking. Copper as an alloying element forms discontinuous precipitates at
the grain boundaries that hinder the propagation of corrosion that would lead to a continuous
7

crack. Copper-rich grain boundary precipitates can slow hydrogen embrittlement during the
stress corrosion process [17].
Other 7xxx series alloys, such as 7075, form an M′ (or 𝜈′) phase in addition to GP zones. These
precipitates are formed in part because the alloys contain multiple alloying elements and are
therefore not representative of binary systems. In alloys like 7075 aluminum, the copper is in the
solid solution and the M′ phase is MgZn2 [19]. The M′ precipitate formation in aluminum alloys
is complex and varies from alloy to alloy.
Alloy 7075 experiences low resistance to stress corrosion cracking and low toughness when peak
aged. 7075 aluminum is typically overaged at temperatures around 300ºF to change the structure
so that it contains primarily the M′ phase, enhancing the properties mentioned above and
increasing the strength. The Cu precipitates as Mg(Zn, Cu, Al)2. Aluminum 7050, on the other
hand, develops its peak strength at a higher temperature that allows for high corrosion resistance
and high toughness [19]. Therefore, aluminum 7050 commonly goes through an aging cycle.
When artificially aging 7050 alloy, the rate of heating must be controlled. The GP zones formed
during natural aging can dissolve during subsequent aging at elevated temperatures if the rate of
heating is high. The precipitate initiates heterogeneously under high heating rates and causes the
strength to decrease. The opposite occurs if the heating rate is low; the GP zones will grow rather
than dissolve. These larger GP zones can serve as nuclei for the precipitate and the strength will
continuously increase due to the increased number of total particles [19].
A GP zone solvus temperature also exists for all the 7xxx series alloys. Above the solvus
temperature, no matter what the heating rate, the GP zones will dissolve. In the microstructures
of aluminum alloys, dislocations and subgrain boundaries exist. Above the GP solvus
temperature, the semi-coherent transition precipitates nucleate and grow directly on these
dislocations and subgrain boundaries. Heterogeneously generated precipitates like these do not
contribute to strength and decrease the attainable strength by limiting the amount of solute
available for homogeneous nucleation [23].
Often times, alloys are aged above the GP solvus temperature immediately after they are
quenched. Since the alloys never developed GP zones during the heat treatment, there are no
nuclei capable of precipitation. Nucleation on dislocations allows for a coarse dispersion of fine
precipitates [24]. Another method of aging is by initially aging below the GP solvus temperature,
then aging above it. This common method allows for a dispersion of precipitates as well as the
formation of a precipitate-free zone (PFZ) [24]. PFZs are typically found near grain boundaries
due to the heterogeneous nucleation on vacancies. The nucleation of vacancies at grain
boundaries in an alloy occurs more frequently than in the rest of the grain because the grain
boundary prevents the motion of dislocations at the interface and is therefore at a higher energy
8

level [25]. For aluminum alloys, these PFZs are prevalent due to high vacancy concentrations
(Figure 4). PFZs not only weaken the alloy, but also cause corrosion currents to form in the
presence of water [26]. The wide PFZs near grain boundaries enhance the susceptibility to
intergranular corrosion because they sharpen electrochemical heterogeneity between the grain
boundaries and the adjacent regions [17].

'
Figure 4: The microstructure at high magnification of Al-4Cu wt% alloy etched in NaOH. The lighter areas near the
grain boundaries are evidence of PFZs [26].

The vacancy concentration can be determined by Equation 1. In this equation, Nv is the number
of vacancies per unit volume, N is the number of atomic sites per unit volume, QV is the
activation energy for vacancy formation, k is Boltzmann’s constant, and T is the absolute
temperature. After heat treatment, aluminum has a relatively low activation energy for vacancy
formation. In addition, aluminum has a face-centered cubic crystal structure, which has a high
number of atomic sites per volume (4 atoms per unit cell). These factors lead to aluminum
having a high vacancy concentration [27].
Equation 1:

𝑙𝑛 𝑁𝑉 = 𝑙𝑛 𝑁 −

𝑄𝑉
𝑘𝑇

High vacancy concentrations of aluminum can also be related to an Arrhenius plot (Figure 5).
The y-axis of the plot represents the logarithm of kinetic constants; in this case, they are the
vacancy concentrations of the two elements. As shown in the equation, higher absolute
temperatures lead to higher vacancy concentrations. The slope of the lines represents the
activation energy [28].

9

Vacancies are an important factor in the formation of GP zones for aluminum alloys. At the
temperatures below the GP solvus temperature, GP zones form at high rates. The diffusion
coefficient of the solute must be several orders of magnitude higher than that obtained by
extrapolating the known high-temperature solute diffusion coefficient to the aging temperatures.
The retained vacancies in the supersaturated solution from the quench lead to the accelerated rate
of zone formation based on the vacancy concentration being higher at the solution temperature.
The diffusion coefficient involves the the jump rate of the atoms into vacancies and the
concentration of vacancies, so the vacancy supersaturation is expected to increase the diffusion
rate at the aging temperature [5].

Figure 5: The Arrhenius plot for vacancy concentrations in Aluminum. The slope of the line is small, which means
the activation energy of vacancy formation is low [29].

9. Effective Freezers
A commonly used method to prevent aging is by placing the alloy in a freezer after quenching
from the solution heat treatment temperature. All microstructural changes are stopped because
diffusion slows down at low temperatures. Samples might not be stress relieved immediately
after quenching due to long distance transportation or furnace capacity, so samples are frozen to
prevent aging. However, this method may not be completely effective. Sometimes samples are
frozen for up to seven days before a second heat treatment is required. If the sample is not put in
a freezer, it could continue to age, eventually compromising the properties of the material by
overaging. This experiment will test how effective a freezer is at preventing aging from
occurring on aluminum 7050. The mechanical properties of 7050 aluminum should be the same
as immediately after the quench once it is placed in a freezer.

10

10. Problem Statement
At Weber Metals the batch size of the heat treatment step is larger than the compressive stress
relief procedure batch size. This means after aluminum hand forgings are solutionized and
quenched, but before they are stress relieved, machined further, and put through their final
tempering process, they naturally age. To combat this, aluminum alloys are placed in a freezer.
The current challenge Weber Metals is facing is the possibility of natural aging of 7050
aluminum despite being stored in freezers. In theory, 7050 should not naturally age enough to
affect the stress relief procedure; however, it has been found that in practice natural aging does
occur. Published literature in this area shows that by freezing an aluminum alloy, diffusion is
slowed drastically [29]. By stopping diffusion, natural aging does not occur and the aluminum’s
mechanical properties do not change.

Methods and Materials
1. Test Specimens
The 7050 aluminum samples were 1.35 inches long with a diameter of 0.450 inches (Figure 6).
In accordance with ASTM standard E9-09, the height of the bars was three times the size of the
diameter and the ends were flat and parallel within 0.0005 in/in [30]. All of the 7050 aluminum
used for this experiment was machined from the same forging in the short transverse direction.
By using the same alignment and stock material, variables such as grain alignment and
composition were controlled.

1.350 in

0.450 in
Figure 6: The 7050 aluminum samples used for the experiment had a 1.35 in. length with a 0.45 in. diameter. Each
sample was from the same forging and aligned in the same direction.
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2. Experimental Procedures
This experiment was comprised of five trials. The first trial was used as control experiment. Ten
cylindrical samples were solutionized in a Sentro Teck ST-1100C-668 High Temperature Box
Furnace for 1.5 hours at a temperature of 890ºF. Following the heat treatment, the samples were
removed from the furnace and placed in an agitated, 150ºF +/- 10º water bath using a Brookfield
TC-202 machine. The time between the furnace and the quench should not exceed 15 seconds.
To ensure that the samples were uniformly quenched, a stainless steel mesh basket with openings
of 5/64 inches was used to insert the specimens into the water at the same time. The quench
lasted for one minute. After one minute, the samples were dried, and set in room temperature air
to age for various times (Figure 7). Following the aging, each sample was tested in compression
using a Shimadzu mechanized testing system.

Figure 7: Experimental procedure for Trials 1-4. Trial five followed these same steps, but included a 4-hour delay at
room temperature before being placed in a 0°F freezer.

Trials 2-4 of the experiment followed the same procedure as Trial 1 until the aging step. Trial 3
samples were aged in a household chest freezer set to 0ºF while Trial 2 samples were aged in a
Kenmore refrigerator at 25ºF. For Trial 4, the refrigerator was set to 40ºF. A compression test
followed Trials 2-4 after the appropriate delay times were reached. Trial 5 followed the same
heat treatment and quench procedures as the previous trials; however, the samples were aged in
room temperature air (72ºF) for 4 hours before starting the aging delay times. Trial 5 aging was
performed in the freezer set at 0ºF, then the specimens were tested in compression (Table II).
The output of the compression tests was the yield strength (ksi). Each test was stopped manually
shortly after the sample had yielded. The samples were also hardness tested with a Wilson
Rockwell Hardness Tester using the HRB scale. Three readings were taken and the average was
recorded.
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Table II: Control Variables for the Experiment

Control Variables

Desired values

Tolerances

Time from Furnace to Quench

15 seconds

+/- 0

Temperature of Quench

150°F

+/- 10°F

Temperature during aging

0°F, 25°F, 40°F, 72°F

+/- 5ºF

Time in quench

1 minute

+/- 0

Temperature of Furnace at Removal

890°F

+/- 10°F

Time from quench to freezer

2 minutes

+/- 0

Results
Each parameter was followed carefully. The only inconsistency in the procedure was seen in the
72ºF and 0ºF trials (Table III). The time between the furnace and quench exceeded the allotted
15 seconds. This error is not acceptable in an industry setting and the material would need to be
heat treated again. According to AMS standard 2772, the quench delay for a cross section of 0.45
inch diameter sample should not exceed 15 seconds; however, the time can be exceeded if the
temperature of the material does not fall below 775ºF [31]. Since the samples only exceeded the
15 second limit by a maximum of 2 seconds, it can be assumed that the temperature of the
samples remained about 775ºF.
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Table III: Testing Measurements Based on Parameters for Each Trial
72ºF

40ºF

25ºF

0ºF

4 hour delay,
0ºF

Time for furnace to
return to soak
temperature

8 min

5 min

5 min

7 min

10 min

Temperature of
Furnace at Removal

892.4°F

890.6ºF

892.4ºF

892.4°F

890.6°F

Time from Furnace to
Quench

16 sec

10.3 sec

10.9 sec

17 sec

13.1 sec

Temperature of
Quench

150.2°F

149.8ºF

150.0ºF

147.8°F

150.5°F

Time in quench

1 min

1 min

1 min

1 min

1 min

Temperature of
Freezer

40.1ºF +/- 2º

25ºF +/- 4º

0°F +/- 4º

0°F +/- 4º

Time for freezer to
return to temperature

6 min

7 min

6 min

2 min

Time from quench to
freezer

2 min

2 min

1.5 min

4 hr

The effects of natural aging can be studied by observing the change in compressive yield
strength. For the control trial at 72ºF, the strength increased the most, going from 32.2ksi to
50.8ksi (Table IV). The diffusion in this trial was uninhibited and the precipitation of particles
caused the yield strength of the aluminum to increase the most, for a total of 18.6ksi (Figure 8).
The rate of natural aging slowed after 48 hours in this trial. This plateau of strength can be
attributed to the aluminum reaching its peak natural aging temperature. The 40ºF, 25ºF, and 0ºF
trial readings began at 0.5 hours after the quench. This was because the samples would not have
enough time to cool to the temperature of the freezer and therefore would not give accurate data
at the as fast as possible time and the 5 minute time. The 40ºF trial increased 9.1ksi while the
25ºF trial increased just 5.0ksi (Figures 9 and 10). As the temperature of the samples decreases,
diffusion of atoms to form precipitates slows and the strength of the samples does not increase as
rapidly. The 0ºF freezer trial showed no precipitation hardening with the yield strength raising
just 1.7ksi total (Figure 11). The diffusion of precipitates was stopped at this temperature so the
strength did not increase. The last trial was first held at 72ºF for 4 hours then placed in a freezer
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Trial Temperature

set at 0ºF. The delay times for this trial began after the samples were placed in the freezer. This
trial increased in strength and then stayed constant once the samples were placed in the freezer,
indicating that diffusion again slowed to a stop in the 0ºF freezer (Figure 12). In a week's time,
the trial held at 40ºF showed similar amounts of aging as the trial held at 0ºF following the 4hour delay. However, the 40ºF trial gradually aged until reaching a 41.0ksi yield strength
whereas the delay trial reached 40.0ksi during the 4-hour delay and did not increase past this
point.
Table IV: Yield Strength (ksi) After Various Delay Times for Each Trial
Delay Time (hours)
ASAP

0.1

0.5

1

4

8

24

48

96

168

32.2

33.2

36.5

35.0

35.8

38.3

43.3

45.6

45.1

50.8

40ºF

32.2

33.3

34.4

36.1

36.1

37.6

41.4

41.3

25ºF

32.6

32.0

32.5

34.1

34.3

35.0

37.1

37.6

0ºF

33.3

34.4

34.1

33.9

33.5

33.7

35.0

33.8

40.0

39.1

38.5

38.8

38.7

36.5

38.5

40.4

72ºF

4hr,0ºF

37.4

37.4

1 week

1 min.

Figure 8: Raw compressive data for the 72ºF trial showing the 18.6ksi increase in strength. This is indicated by the
change in slope for each plot line.
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1 week
30 min.

Figure 9: Raw compressive data for the 40ºF trial showing the 9.1ksi increase in strength. This temperature slightly
slowed the natural aging.

1 week
30 min.

Figure 10: Raw compressive data for the 25ºF trial showing the 5.0ksi increase in strength. As the storage
temperature goes down, the natural aging process slows.

1 week
30 min.

Figure 11: Raw compressive data for the 0ºF trial showed no increase in strength. The storage temperature
effectively stopped natural aging entirely.
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1 min.

1 week

Figure 12: Raw compressive data for the 4 hour delay in 72ºF followed by 0ºF freezer trial. Once placed in the
freezer, the samples ceased their aging behavior.

Aside from the 0°F trials, the compressive yield strength generally increased over time, as
expected. The yield strengths were taken from the raw compressive test data and plotted against
the various delay times. For the 72°F trial (Figure 13), the yield strength significantly increased
during the first 48 hours, but leveled off a bit after that. The samples after 48 hours likely
reached their peak natural aging strength due to the precipitates reaching their equilibrium size
and distribution throughout the sample. Therefore, the strength was fairly constant after the first
48 hours.
Meanwhile, the 0°F trial did not exhibit any change in yield strength over time (Figure 14). The
constant yield strength supports the claim that a low storage temperature can cease natural aging
completely. This was also true for the four-hour delay trial (Figure 15), but the yield strength was
higher throughout because the delay allowed for a significant amount of precipitation hardening.
The 40°F and 25°F trials (Figures 16 and 17) showed trends in between that of the 0°F and 72°F
trials, as expected.

Figure 13: The change in yield strength over time for the 72ºF trial. This demonstrates uninhibited natural aging
behavior and likely reaches its peak natural aging strength.
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Figure 14: The change in yield strength over time for the 0ºF trial. This demonstrates no natural aging behavior.

Figure 15: The change in yield strength over time for the delay trial. This demonstrates no natural aging behavior
after the initial 4 hour delay.

Figure 16: The change in yield strength over time for the 40ºF trial. This demonstrates a slower rate of natural aging
than the 72ºF trial.
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Figure 17: The change in yield strength over time for the 25ºF trial. This demonstrates less natural aging behavior
because the material is held at a lower temperature than the 72ºF trial.

In addition to the yield strength data, hardness data was also recorded. The results can be seen in
Appendix A. The hardness data showed trends similar to those of the yield strength data, but
hardness is a localized reading that naturally has more scatter. Therefore, conclusions could not
be made from the hardness readings.

Analysis and Discussion
1. Boundary Condition
The yield strength values for each trial were plotted against the various delay times (Figure 18).
A log scale was used for the x-axis so the data points could be more evenly spaced and the data
could be better represented. The boundary condition chosen for the natural aging limit was a
10% increase in yield strength from the as-quenched condition. The compressive yield strength
found immediately after the quench represents no natural aging, so a 10% increase from that
value represents the limit before the sample is considered to have naturally aged. The boundary
condition is represented by the black horizontal line on the graph. For each temperature, a power
fit trendline was used to display the most accurate trend in the relationship between yield
strength and time. The point of interest in the graph was the time at which each trendline passes
the boundary condition. In order to evaluate that point, the equation for the power fit line was
needed. The general form of the power fit line is shown in Equation 2.
𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2: 𝑦 = 𝐴𝑥 𝐵
With the y-value known (10% increase from the as-quenched yield strength), the time can be
solved for. The time that is solved for represents the maximum amount of time the samples can
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be held at a temperature before they have naturally aged enough, making them potentially
susceptible to cracking during a compressive stress-relief procedure. These times can be used as
a boundary condition for forgings that are stored at the tested temperatures (Table V).

Figure 18: The aging behavior at each temperature compared to the 10% boundary condition. Note there is a smaller
slope at lower temperatures.

Table V: The Maximum Time a Sample Can Age Before Reaching 10% Boundary Condition
Temperature

Maximum Delay Time

Power Fit Exponent

72°F

25 min.

0.0465

40°F

6 hrs.

0.042

25°F

36 hrs.

0°F

∞*

0.0265
0.0018

* The 0°F trial is projected to never reach the 10% boundary condition.
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2. Power Fit Exponent
Further analysis of the rate of natural aging for the 7050 aluminum samples was performed.
Since the slope of the power fit trend lines is equivalent to the change in yield strength over time,
the slope is considered to be related to the rate of natural aging. A plot was made comparing the
slopes to the different temperatures (Figure 19). Looking back at the trendline equation
(Equation 2), the slope is far more defined by the exponent rather than the leading coefficient.
Therefore, it was the power fit exponent values that were plotted on the y-axis.

Figure 19: The rate of natural aging based on the exponent of the power fit trendline. There are only four data points
because there were only four temperatures.

The plot shows a steady increase in the rate of aging for 0°F, 25°F, and 40°F. The 72°F trial,
however, showed a rate similar to that of the 40°F trial. The steady increase is as expected since
the higher temperatures allow the atoms to diffuse through the metal easier than lower
temperatures to form precipitates. The plateau in the 72°F trial is likely due to the sample
reaching its peak natural aging strength after two days. The precipitates reached their equilibrium
size and distribution throughout the alloy, so the strength stays relatively the same. Since the
strength does not increase as rapidly after two days, the rate of natural aging over the seven day
period is not as high as it would be if only the first two days were studied. Additionally, the
coefficient prior to the exponent is much higher for the 72°F trial than the 40°F trial. Therefore,
there would be a larger difference shown if the coefficient was taken into consideration.

3. Larson-Miller Parameter
The Larson-Miller parameter relates a property of a material to a time and temperature. The
relationship is based on the Arrhenius rate equation. The parameter is most commonly used for
determining creep behavior of a material, but it is possible that the parameter also works for
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natural aging behavior. If this were to work for natural aging behavior, a few aging temperatures
and times could be used to predict a wide assortment of other temperatures and times. In the
parameter (Equation 3), P represents the parameter value, T is the temperature in °F, C is a
constant equal to approximately 20, and t is the time in hours.
Equation 3: P = (T + 460) (C + log(t))
Assuming that the parameter can be applied to the natural aging trends of 7050 aluminum, aging
temperatures and the time that each sample takes to reach a specific increase in strength can be
plugged into the model to find the parameter, P. This would give a P-value that can then be used
in the equation with a different temperature to find the amount of time it would take to reach the
same increase in strength at the new temperature. For this experiment, the 10% increase in yield
strength boundary condition and a 20% increase in yield strength were considered with the
parameter. From plugging in the four experimental temperatures and the times each condition
should take to reach the specified increases in strength, P-values that were relatively close to one
another were found (Table VI). This suggests that the Larson-Miller parameter holds for the
natural aging of 7050 aluminum and can potentially be used to predict other boundary conditions
for other aging temperatures and times. The data also suggests that the Larson-Miller model does
not fit the data well if the samples can be stored for extended times in sub-40ºF conditions. In the
20% increase in strength boundary condition, the 25ºF trial parameter value does not follow the
previous trends in the data because it takes 977 hours for the samples to reach the boundary
condition. If it would take extended times, such as 977 hours, to reach the 20% increase in yield
strength, the parameter does not have to be used because there is essentially not enough aging to
even be concerned about that condition aging too much.
Table VI: The Larson-Miller Parameter for Experimental Temperatures
Yield Strength
Condition

10% Increase from
As-Quenched

20% Increase from
As-Quenched

Temperature

Time to Reach
Condition

Parameter Value

72°F

25 min.

10437.7

40°F

5.95 hrs.

10387.7

25°F

36 hrs.

10454.8

72°F

2.72 hrs.

10871.1

40°F

47.2 hrs.

10836.9

25°F

977.3 hrs.

11150.1
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4. Scatter in the Data
Although the data showed trends that were expected, there was no way to be certain of its
validity. Only one batch was delayed at each temperature, so only one sample was tested at each
condition. To better understand the variance of the data, a few conditions were tested five extra
times. The conditions chosen were the 40°F trial’s 8-hour, 24-hour, and 48-hour delay times.
These conditions were chosen because the initial run showed a steady, slow increase in
compressive yield strength over time. By looking at the scatter in these points (Table VII), a test
can be conducted to see if the yield strength did increase or if it is possible the increase can be
attributed to scatter. A boxplot was made to determine if any overlap in the ranges existed for
each of the three conditions (Figure 20). The bottom and top lines of the box represent the 25 and
75 percentile of the data, respectively. The whiskers represent the total range, and the line in the
middle is the mean.
Table VII: Scatter in Yield Strength (ksi) for 40°F Trial
Delay Time

8 Hr

24 Hr

48 Hr

34.5

35.3

39.7

35.9

36.2

36.6

35.1

35.9

39.1

35.0

36.4

37.8

34.1

37.1

37.6

36.1

36.1

38.1
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Figure 20: A boxplot revealing the scatter of five samples in three of the 40ºF conditions. The three conditions were
8 hrs., 24 hrs., and 48 hrs.

A paired t-test was also conducted for these conditions to test their relationships with one
another. The paired t-tests revealed with 94% confidence the 8-hr. and 24-hr. conditions were
significantly different and with 97% confidence the 24-hr. and 48-hr. conditions were
significantly different. The paired t-tests illustrated with those confidence intervals the yield
strength did increase over time.
The 1.7ksi increase in yield strength for the 0°F trial was less than two standard deviations away
from the mean value of that data set. The extra samples tested for the 40°F trial had standard
deviations of 0.776ksi for the 8-hour delay time, 0.592ksi for the 24-hour time, and 1.108ksi for
the 48-hour time. Meanwhile, the standard deviation for the 0°F trial for the different delay times
was only 0.540ksi. This reveals the compressive yield strengths showed less scatter for the full
0ºF trial than when a single condition was tested in the 40ºF trial, further illustrating how the 0°F
trial did not exhibit any natural aging behavior. Furthermore, when all the data points were
analyzed in a t-test, the test revealed with over 99.9% confidence the yield strength would not
pass the 10% boundary condition over the course of one week for the 0 ºF trial.
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Conclusions
1. A 10% increase in yield strength represents a boundary condition that indicates when a
7050 aluminum forging has naturally aged after being stored at various temperatures. The
experiment confirmed that a 0ºF freezer stops natural aging completely. This temperature
was the only temperature that did not naturally age in the allotted time because the cold
temperature stopped the diffusion of atoms. Without the precipitate hardening
mechanism, the yield strength of the material cannot increase.
2. As the temperature that the materials is stored at decreases, the samples take a longer
time to reach a 10% increase in yield strength, and therefore naturally age at a slower
rate. Slower aging rates mean the samples can be stored for longer periods of time and
they are less likely to crack under an applied load.
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Appendix A: Hardness Data
Table AI: Hardness (HRB) After Various Delay Times
ASAP

0.1 Hr

0.5 Hr

37.2

41.3

46.4

47.5

56.4

40ºF

50.9

51.6

25ºF

47.6

0ºF

72ºF

4
hr,0ºF

54.9

57.7

1 Hr 4 Hr 8 Hr

24 Hr

48 Hr

96 Hr

168 Hr

56.6

62.3

63.0

70.3

69.9

46.2

49.5

56.0

55.5

58.4

63.1

51.1

51.4

47.6

54.7

57.1

61.3

60.2

51.5

52.2

52.3

54.0

51.2

53.6

56.4

54.9

62.2

59.8

60.7

58.8

62.0

57.4

Figure A1: Applying a boundary condition to the hardness data. A 50% increase had to be used instead of a 10%
increase because hardness changes more drastically. The 72ºF trial crossed the boundary condition after 5.85 hours,
the 40ºF trial crossed at 33.3 hours, the 25ºF trial intersected at 30.0 hours, and the 0ºF trial never met the boundary
condition.

A1

Figure A2: The rate of natural aging based on the exponent of the power fit trendline. There are only four data points
because there were only four temperatures.

Table AII: The Raw Data for the Scatter in Hardness for the 40ºF Trial
8-hr
24-hr
48-hr
46.5
53.9
53.7
49.4
49.2
56
50.4
51.5
52.2
49.2
49.2
55.3
50.8
57.2
55.2

48.5
46.4
58.8
49.7
56.6
55.4
52.9
58.8
59.2
50.8
59.2
57.8
49.2
57.1
56.7
A2

56.7
61.3
61
52.3
55.2
60.2
43.8
62.4
63.1
53.3
60.2
63.7
54.4
55.3
56.7

Table AIII: The Statistical Analysis of the Scatter in Hardness
Variable

N

Mean SE
Mean

St.
Dev

Minimum Q1

Median Q3

Maximum

8-hr

15

51.98

0.803

3.111

46.5

49.2 51.5

55.2

57.2

24-hr

15

54.47

1.15

4.45

46.4

49.7 56.6

58.8

59.2

48-hr

15

57.31

1.36

5.26

43.8

54.4 56.7

61.3

63.7

Figure A3: A boxplot of the scatter between the three data sets analyzed in the 40°F trial. Note there is more overlap
in these than the yield strength. The statistical analysis revealed a correlation between the 8-hour time and the 24hour time as well as between the 24-hour time and the 48-hour time, which means the differences in values from the
initial run could just be from scatter. In other words, there is evidence these values are the same.
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